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.

ByPorterJ.PerkinsandDonaldR.Mulholland

Theioingprotectionaffordedaninternalair-heatedpropeller
bladebyradialpartiticntngat50-percentchordtoconfinethe
heatedairtotheforwardhalfofthebladewasdeteminedinthe
NACAClevelandioingresesmhtunnel.A modifiedproduction-model
hollowsteel~opellerwasusedfortheinvestigation.Temperatures
ofthebladesurfaoesforseveralheatingratesweremasuredunder
varioustunnelioingoondltions.Photogmphioobsemationsofice
foz?mtionsonbladesurfacesandbladeheat+xchangereffectiveness
wereobtained.

With50-percentpartitioningoftheblades,adequateioingpro-
tectimat1050rpmwasobtainedwitha heatingmte of26,000Btu
perhourperbladeatthebladeshankusinganairtempemtureof
400°F witha flowmte of260poundsperhourperblade,whichis
one-thirdlessheatthanwasfoundnecessaryforsimilarioepro-
teotlonwithunpartitionedblades.Thechcrdwisedistributionof
theappliedheat,asdetemdnedbysurfacetemperaturemeasurementts,
wasconsideredumwtisfactorywithmuchoftheheatdissipatedwell
baokoftheleadingedge.Heat-exchangereffectivenessofapproxi-
mately56percentalsoindicatedpoorutilizationofavailable@at.
Thiseffectivenesswas,however,9 percentgreaterthanthatobtained
fromunpartitionedblades.

mTRoDucTIoI?

Theprotectionofpropellerbladesfromicingbythektemal
passageofheatedairhasbeenpreviouslyinvestigatedinflightand
inthelaborato~. Theseinvestigations-arereportedinz%ferences1
and2 (uqartitionedblades)andthe

r aregiveninreference3 (50-percent

.
..

resultsofa themeticalanalysis
radiallypetitionedblades).
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2 NACATNNO s 1.587

Unpartitionedbladeswerefoundbyexperimenttorequirelargequanti-
tiesofheatforicingprotectionandaffordedanuneconomicalchord-
wisedistributionoftheheat.

tiamefforttodeveloppropellerbladesrequiringlesstotalheat
foricingprotection,aninvesti~tionwasconductedintheNACA
Clevelandicingresearchtunnelusinga modifiedair-heatedhollow
steelprqmllerwithbladespartitionedradiallyat50-percentchord
toconfinethefluwofheatedairtoapproximatelytheforwardone-
hal$ofthebladecavity.

Iktawereobtafnedtodeterminetheeffectivenessoftheblade
heatingsystem,blade-surfacetemperatures,andheatrequirements.
Obsemationsweremadeoftheicingprotectionattainedbytheheat-
ingsystem.

APl?ARA!rusANDINslmmmTmIoIv

Theicinginvestigationwasconductedina return-typetunnelin
whichicingconditionsweresimulstedbymeansofwaterspraysand
theuseofrefrigeratedair.Thepropellerwasdrivenbya liquid-
cooledenginemountedinanairplanefuselagelocatedinthedif-
fuserofthetunnel(fig.1). A modifiedproductionmcdelfour-
bladedholluwsteelpropeller10feet,2 inchesindiameterwasused.
Heatedairwasdistributedtothepropellerblades,asshowninfig-
ure2.

Theinstrumentationprovidedformeasurementoftunnelandpro-
pelleroperatingconditions,propellerheated-airtemperatureandmass
flow,andblade-surfacetemperatures.Chordwiseblade-stiacetem-
peraturesweremeasuredat40-and70-percentbladeradiiontwoof
thefourbladesusingi.ron-constantanribbon-typethermocouplesspot-
weldedtotheblademetal.Thelocationsofblade-surfacethermo-
couplesat40-and70-percentradiiareshowninfigure3. In
addition,leading-edge‘surfacetemperaturesweremeasuredat30-and
55-percentradii.Furtherdetailsconcerningapparatusandinstru-
mentationusedforthepropeller-icingresearcharegivenInref-
erence1.

Bladepartitioning.-ThepartitionInstalledwithintheblade
cavitywasofsemiregidfiber-glassconstruction.Itwasanchored
andsealedatthebladeshankandwasheldinpositionndially
alongthebladebymeansofrivetsthroughthebladewalls.A semi-
circularconstructionwasused(fig.3),whichheldthepartition
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firmlyagainsttheinner wallsofthecavitybetweenrivetstopre-
ventairleakagetotherearportionofthebladecavity.The
partitionterminatedapproximately6 inchesfromthebladetipto
allowtheheatedairtopasstotherearofthebladeandescape
throu@a tiporificeonthecariberface.

3

Propeller-bladeheatingsystem.- Forthe50-percentparti-
tionedblades,theairflowthroughthebladesandthearrangement
ofsealswereunchanged&cm thosedescribed,inreference1 for
thdunpartitionedblades,exceptthattheairwasconfinedtothe
forwardha~ oftheblade.Thetiporificesusedforthe50-percent
partitionedbladeswereapproximatelytwo-thirdsthecross-sectional.
areaofthoseusedfortheunpartitionedblades.Construction
detailsandphotographsoftheblade-shankinletsandtiporificeare
showninfigure4.

Heatedairwassuppliedtothepropellerthroughelectric
heatersoutsidethetunnel.Thesupplyofheatedairwasnmnually
controlledandthebladeah flowwascalculatedbyaddingorsub-
tractingthelealmgepastthegraphiteseals,dependingonthe
sealdifferentialpressure,fromthemeasuredmanifoldairflow.
Thecalibrationcurveusedto?ietermineleakagevaluesisgiven
inreference1.

CONDITIONSANDPlwmmRE

Tunnelconditlons..-Thepropellerwassubjectedtoicingcon-
ditionsattunnel-airtemperaturesbetween-40and23°F. Thetunnel-
airve}ooityaveragedapproximately200feetpersecondmeasuredat
75percentofthepropellerradius.Duringtheicingperiml,the
velocitydecreasedbecauseofpressurelossesresultingf%cmtunnel
iaeformations.Liquid-waterconcentmtionswereapproximately
0.1grempercubicmeterat3°F and0.9grampercubicmeterat
19°F. Theeffectivedropletdiameterbasedonthevolume~imum
averagedapproximately55microns”foralltunndconditions.This
valueislargerthanave~e dropletdiametersusuallyfoundinthe
atmosphere.Theicingofpropellerblades,however,isnotgreatly
reducedunlessrelativelysmalldropletdiametersareencountered,
becausethecollectionefficiencyofsmallbodiesisapproximately
100percent.Fortheconditionsused,theheatingvaluesrequired.
inthisinvestigationareconsideredconservative.

Rangeofpropenervariables.- Thepropellerwasoperatedat
twobladeangles,28°and35°,measuredat75-percentradiuswith
correspondingrotationalspeedsof1050and850rpa,atwhich
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4 NACATNNo. 3-587

advanceratiosof1.1and1.4,respectively,wereestablishedto
approAhnatetheadvanceratioofpeakefficiency.Undertunnel
operatingconditions,theheated+irflowperbladewasadjusted
torangebetween250and330poundsperhourat1050rpmand
between165and165poundsperhourat650rpmwithanairtem-
peratureattheshankbetween300°and400°F.

Typical procedure.-~ta wereobtainedduring10-minute
periodsofsimulatediuingconditions.Priortoeachicingyeriod,
datawererecordedfor2minuteswithalloperatingconditions
stabilizedandheatedairflowingthroughtheblades.Blade-
surfacetemperatureswererecordedatapproximatelyl-minute
intervalsthroughoutthepreicingandicingperiod.FollowiI18
eachicingconditionresidualicingphotographswereobtained.

&’ULTSANDDISCUSSION
BladeHeatingSystem

T%Sbladeheat+xchangereffeotive~ss,asclef-db ref-
erence1,istheratiooftheheatdissipatedfromthebladesur-
facetotheheatapplied,includingthehat fromadiabaticcom-
pressionoftheinternalairduetorotation.Thevaluesofheat-
exchangereffectivenessshowninfigure5 forboththe50-percent
partitionedandtheunpartitionedbladesareforthessmerangeof
airtemperaturesentefingtheshanks(300°to400°F). Withno
spraysinthetunnelandata propellerspeedof1050rpm,the
effectivenessfor50-percentpartitionedblades-averaged56percent
or9 percenthigherthanthatfortheunpartitionedblades(fig.5).
The*ition guidedtheheatedairthroughtheforwardsection
oftheblade,whereexternalheat-tmnsfercoefficientsarehighest,
and,Inaddition,a heatsinkwasprovidedbehindthepartition
causingmuohconductiontotikeplacereamardthroughtheblade
metalasindicatedbyhigh“surfacetemperaturesaftofthepartition.

Theeffectonthebladeheat+xchangereffectivenessoftheprimer
coatingusedtoholdthesurfacethermocouplestothebladeisalso
indicatedinfimre5. Theeffectivenessofthepaintedbladewas
6 to7 @rCent&er thanthatofthebareblade.

Blade<urfaceTempentures

The‘temperaturesmeasuredbyW-thermocouples
bladesurfacesareplottedasa riseintemperature
tunneltemperature(figs.6 to10).E+x-ausevalues

. —

,,
locatedonthe
abovetheambient
ofheatingrate ,,5
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“ surfaoetemperature,andtunnel
periodwhensurfacetemperature

temperature variedduringanioing
titsweretaken,all.thedistribution

curves wereconstmuotedfranplotsofaverageV&uesofsurfacetem-
peratureriseabovetunnplanibfenttemperature.Indevelopingthese
averagecurves;allthetemperaturedatafcma givenlooationwere
plottedagainstheatingrate.Byammninga linearrelaticnbetween “
thetwovariables,a straightlinswasdrawnasanaverageofthe
data● l!romtheseplotsthefatieddistributioncurveswerecon-
structedforvariousheatingrates.Fortherangeofdatainvesti-
gatedtherelationofsurfacetemperaturerisetoheatingratewas .
consideredtoindeperxientoftunnel-airtemperature.

Thedistiibutfonofthistemperatureriseieshowninfigure6,
wherethebladechordwisesurfaceislaidoutinplanformwiththe
leadingedgeasthecenterandthesurfacedistanceoverthethrust
andoamberfacesextendingalongtheaxisoneitherside.Dataare
presented.fora propellerepeedof1050rpmandheatingratesof
18,000ami22,000Btuperhourperbladewithnowatersprayinthe
tunnelandheatingratesof22,000and28,000Btuperhourperblade
undericingconditions.

Itissignificantthatpartitioningtheblmleat50-peroentchord
failedtocomentratemostoftheheatattheleadingedgewhereit
wasmostneededforicingprotection.Thehightemperaturerisesaft&
theleadingedgeW nearthepartition,especiallyatthe40-percent
radius,indioatedthedissipationoflargequantitiesofheatinareas
notsubjeottosevereicefqrmtions..

Increasingtheheatingratefian18,000to22,000Btuperhour
perbladewithnospraysinthetunmlresultedinpractioallyuni-
formohordwisesurface-tempe=tureinoreasesatboththe40-and
70-percentradii(figs.6(a)ad 6(c))”.Unieriuingconditions,an
inoreaseintheheatingratefbom22,000to28,000Btuperhour
perbladeconeidemblyinoreasedthesurfacetemperaturesat40-
percentradiusexceptneartheleadingedge(fig.6(b))butdid
notappreciablyincreasethetemperaturesatthe70-percentradius.
Theincreasedheatingratedid,however,materiallyinoreasethe
temperaturegradientaftoftheleadingedgeontheMcard blade
sectionsasshowninfigure6(b).Thesteepergradientnarrowed
thepotentialic~ areaandthusaffordedgreaterioingprotection
fm theblade.

Thete~emturerisesatthe40-and70-percentradiitierno-
sprayandicingconditionsata heatingrateof22,000Btuperhour
perbladeania propellerspeedof1050rpmareccmparedinfig-
ure7. Withnosprays,temperaturesatthe40-percentradiuslead.
@ -e wereconside~bQ~@er tw thoeeatthe70-percentradius.

—————.-. — .——
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Theeffectof~ter impiqgnentwastolowerallblade-surface
peratures.Undericingconditions,thetemperaturesnearthe

1587

tem-
lead- .

~ngedgeforthetwo=diiwereap~roximate~equal.Asidefrom
theeffectsofthrow-offduetocentrifugalforces,itcanthere-
forebeseenthatthetworadiitillbeaboutequallysusceptibleto
icingattheleadingedge.

Datatakenata propellerspeedof850rpmwitha heatingrate
of14,000Btuperhourperbladeareshowninfigure8 forthechord-
wisetemperaturedistributionsatthe40-and70-percentradiiunder
icingconditions.Althoughtheheatingratehadbeenreducedfrom
22,000to14,000Btuperhourperbladeandthepropellerspeed
from105Oto850rpm,a caqarisonoffigures7 and8 showsthat
theleading-edgetemperaturerisesatthe40-percentradiuswere
approximatelyequal.Thetempemturegradientsforthetwocondi-
tionswerealsosimilar.Atthe70-percentradius,however,the
leading-edgetempemtureswerelowerthanthe40-percentradius
temperaturesandwerealsolowerthanthecorresponding70-percent
radiustempemturesonthehigh-speedbladewiththehigherheating
rate.Asidefromthrow-offeffects,theseresultsshowthatat850rpm
with14,000Btuperhourperblade,the70-percentradiuswouldice
overtheentirechordathigherambienttemperaturesthanthe40-
percentradius.

Surfacetemperaturesobtainedontheleadingedgeatthe30-,
40-,and55-percent-ii fora propellerspeedof1050rpmare
presentedastemperatureriseabovetunnelam.inettemperaturein
figure9. Thedecreaseinsurfacetemperaturerisewithincreasing
radiusresultsfromthedropininternalgastemperaturewith
increasing’mdiusandtheincreaseinexternalheat-transfercoef-
ficientwithincreasingperiphemlvelocity.Theincreasein
kineticheatingwithperipheralvelocitytendstocounteractthe
twoeffects.Theseconsiderationstogetherwithresultsgivenin
reference2 indicatethattitha higherpropellerspeedthetem-
peraturerisefortheicingconditionmy %egintoincreasebeyofi
the55-percentradius.Thistemperatureriseincreaseiscor-
boratedbythedataoffigure7 wheretheleading-edgetemperatures
atthe40-and70-percent~diiundericingconditionsdifferby
only2°F. Theoppositeresult~ beobservesinfigure8where
ata lowerpropellerspeedof850rpmthe70-percentradiusleading-
edgetemperatureis4°F lowerthanthecorresponding40-percent
radiustemperature.

A comparis&ofthesurfacetemperaturedistributionsobtained
with50-percentpartitionedbhdesata heatingrateof28,000Btu
perhourperbladeandtemperaturedistributionsobtainedwithunpar-
tionedbladesata heatingrateof40,000Btuperhourperbladeis
showninfigure10. !Tnesedatawereobtainedata propellerspeed
of1050rpmundericingconditions.Someimprovementinheat

—



N4CATN~Oe 1587 7

.

.

I

distributionandeconomyisfoundwiththe50-percentpartitioned
blade.Temperaturesattheleadingedgeforthe40-and70-percent
radiionthe50-percentpartitionedbladearebothequaltothe
leading-edgetemperatureat70-percentradiusontheunpartitioned
blade,althoughonlythree-fourthsoftheheatingrateusedinthe
unpartitionedbladewasusedinthepartitionedblade.

Thehighsurfacetemperaturesand,hence,iceprotectiontit
ofthepn%itioninthe50-percentpartitionedbladesindicatethat
thebacksurfacesofthebladewouldbeadequatelyprotectedfrom
iceifthepartitionweremovedevenfartherforward.Bysucha
partitioning,iceprotectionmightbeaffordedtheentireblade
withtheuseofa lowerheatingrate.

IcingObservations

Comparativephotographsofresidualiceformtionsfordifferent
heatingratesareshowninfigure11. Theheatingratewasincreased
from20,000to26,000Btuperhourperbladeata propellerspeed
of1050rpmanda tunnelambient+irtemperatureoflloF. Increas-
ingtheheatingrateto26,000Btuperhourperblade,corresponding
toapproximately280poundsofairperhourata shanktempemture
of400°F,didnotcompletelypreventiceformationontheleading
edgeofalltheblades,aswouldbeexpected.Thetemperaturedis-
tributionsshowninfigures6(b)and6(d)showlittleincreasenear
theleadingedgewhentheheatingratewasincreasedfrom22,000to
28,000Btuperhourperblade.Lessicewastobefoundonthe
~ladeswiththehigherheati%rate,however)be-useofthe‘greater
throw-offmadepossiblebythesteepertemperaturegradientspre-
viouslydiscussed.Theresidualiceformtionsshownforthehigher
heatingratearenotconsideredsufficienttoimpairtheaerodynamic
perfomnanceofthepropeller.Ithadbeenestablishedinreference1
thatinthetunnel,icingconditionsweremostsevereatanambient-
airtempemtureof11°F,,andinasmuchasthebladeswereadequately
protectedforthisconditionbya heatingrateof26,000Btuperhour
nerblade,thisvalueiSbelievedtoheadeq~teforallothericm -.
conditions.
requiredfor

Froman

Thisheatingrateisapproximatelytwo-thirdsthat
similarprotectionusingunpartitionedblades.

.

SUMMARYOFKESULTS

investimtionconductedintheicingresearchtunnel,
thefollowlngresult;oftheicingprotectionaffofieda propeller
bladebytheinternalpassageofheatedairthroughtheforwd half
ofthebladewereobtained:

. ..— — _ .—— —— .—.. ——
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1.Adequateicingprotectioneztstedat1050rpmwitha heating
rateof26,000Mu perhourperbladeata shankairtemperatureal?
400°F,anda flowrateof280pounds@r hourperblade,whichwas
abouttwo-thi@stheheatingraterequiredforanunpartitioned
blade.511 iceaccretionsattheleadingedgeontheinboardblade
sectionswerenotconsideredsignificantwithreqecttoaerodynamic

.performanceoftheprqeller.

2.Thechordwisedistributionoftheheat,althoughbetterthan
thatoftheunpartitionedblade,wasstillunsatisfactorybecausetoo
muchoftheheatwas&ssi@tedontherearseotionsofthebladeand
tooEttleontheleaMngedge.

.
3.Theheat-exchangereffectivenessofthe50-percentpartitioned‘

bladeave~ed 56percent,whichisappro~tely9 ~rcantmorethan
thatfortheunpartitionedblade.

FQht I&cqmlsionResearchLaboratory,
NationalAdtisoryComitteeforAeronautics,

Cleveland,Ohio,Jmuary19,

RmiREms
1.Mulholland,DonaldR.,andPerkins,

1948. -

PorterJ.: Investigationof
theEffectiveness~ Air-Heat@-a HollowSteelpro~ellerfor
ProtectionAgainstIcing.1,- UnpartitionedBlades.NACATN
NO. 1586,1948.

2.Darsow,JohnF.,andSelna,James:A Fl@htErrestigationofthe
ThemalPerformancee ofanAir-HeatedPropeller.NACATN
NO ● 1178,1947.

3.Gray,v.H.,andCampbell,R.G.: A MethodforEsttiti%H-t
RequirementsforIcePreventiondnGas-HeatedPropellerBlades.
NACATN~Os 1494,1947. .

,



.

J& ‘

——. . .— ..:

-1. - IWIM1 irwtdlation of air-hated holla steel propellerfor Iolng investigntlon.

w
m
4



.

-——— .—--—-— --..———-—.——- .--— ——..-. .— .—

0

.



1

1

.

,

133Uud6teel

Olroudemntid seal~

COnti-dtit for
rotatingthemcmnplea

f
Stationaryw@fOldJ

•1
z

z
o
.

-2*- MUE ofalr-hxttd propeu.erlm-auo.tlon.



I,.

1

Leading
edge

/

- ‘he-coup’e‘a)4-rOe‘–Fillet

(b ) 7C+paraent radiua.

Flgura 3.- chordulse thermocouple looationn.

I



.2

.

NACATN No. 1587

“.

I ‘

Camberfaoe

Tiporifioe

.

Blade

1.

n

Y/,mark
Shankinlets

13

(a) Constructiondetails.

Figure4.- Shankinletsandti’porificefor50-percentpartitioned
air-heatedpropellerblades.

.—____ _. ~.——.- . — ..——



..

——— –.—
.

— —



v ,

!.. —

I

c.t.Z73
2.27.46

896

-=5=
C.14672
2.27.48

G

I

I



.

.

—.—



.

NACATN No. 1587 “
17

.

,.

1

0 Bareblade

•1 Paintedblade

60

0
56 \

50-percentpartItior.edbz.acle

52 ❑ ’

48 J
/

/

\ Unpartlticrned
blat.e (b~.re)

44 /

40 I
6,000 20,000 24,000 28,000 32,000 36, QO0 40,000

Heatingrate,Btu\(hr)(blade)
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Figure 10.- Comparison of blyle-aurfaoe-temperaturedistribution for 5f&peroent partitioned and w
partitioned blades at 40- and 70-peroent radii under ioing conditions. 50-peraent partitioned
blade, 28,0W Btu per hour per blade: unpartitioned blade, 40,000 Btu per hour per blade} pro.-
pell.erspeed, 1050 rpm.
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